We image the remnant magnetization configurations of CoFeB and permalloy nanotubes (NTs) using x-ray magnetic circular dichroism photo-emission electron microscopy. The images provide direct evidence for flux-closure configurations, including a global vortex state, in which magnetization points circumferentially around the NT axis. Furthermore, micromagnetic simulations predict and measurements confirm that vortex states can be programmed as the equilibrium remnant magnetization configurations by reducing the NT aspect ratio.
cation of a global vortex state. Streubel et al. use x-ray magnetic dichroism photoemission electron microscopy (XMCD-PEEM) to investigate rolled-up permalloy (Py) membranes, which are 3-µm in diameter 14 . The authors report azimuthal domain patterns that are commensurable throughout the windings and attribute the effect to magnetostatic coupling between windings. Inter-winding exchange coupling, however, is not present. Here we use XMCD-PEEM [15] [16] [17] to image magnetic configurations in individual magnetic NTs, which are an order of magnitude smaller. These NTs are prepared as continuous magnetic shells around nano-templates, allowing for both magnetostatic and exchange coupling. We find remnant global vortex states and show that aspect ratio can be used to program the occurrence of different remnant states, including mixed, opposing vortex, and global vortex states.
We study CoFeB and Py NTs consisting of a non-magnetic GaAs core surrounded by a 30-nm-thick magnetic shell with a hexagonal cross-section, as shown in Figure 1 (a). The NTs have a vertex-to-vertex diameters d between 200 and 300 nm and lengths l from 0.5 to 12 µm.
We obtain specific lengths and well-defined ends by cutting individual NTs into segments using a focused ion beam (FIB). After cutting, we use an optical microscope equipped with precision micromanipulators to pick up the NT segments and align them horizontally onto a Si substrate. Scanning electron micrographs (SEMs) of the 19 CoFeB and 25 Py NTs studied (see Supporting Information) reveal continuous surfaces, which are free of detectable and whose roughness is less than 5 nm. The fabrication process and choice of materials avoids magneto-crystalline anisotropy [18] [19] [20] . Recent magneto-transport experiments suggest that a growth-induced magnetic anisotropy may be present in the CoFeB NTs 21 . Dynamic cantilever magnetometry measurements of NTs from the same growth wafers as used here provide µ 0 M S = 1.3 ± 0.1 T and 0. Despite the strong shadow contrast from the ends in Figure 2 (c), the corresponding surface contrast is weak. This lack of contrast is likely due to oxidation of the NT surface. Given the limited probing depth related to the surface contrast and the fact that the shadow contrast originates from the magnetization within the NT, in such cases we rely on I XMCD in the shadow to determine the NT's magnetic configuration.
Specific magnetization configurations in a magnetic nanostructure produce characteristic XMCD-PEEM signatures for a given orientation ofk . Following the procedure described by Despite the agreement, the relative chirality of the end vortices predicted by the simulations does not match our observations. For long NTs in remnant mixed state configurations, the energy difference between a configuration with matching or opposing chirality vortices is calculated to be small compared to the precision of the simulation; therefore each is predicted to be equally likely. In the real NTs, although the distribution is equal across all NTs, it is unequal for a single material: 3 opposing and 8 matching mixed states appear in CoFeB NTs, while 9 opposing and 4 matching appear in Py NTs. As aspect ratio is reduced, simulations indicate that the relative chirality of the end vortices leads to energy differences larger than the thermal energy. As the central region of axial magnetization disappears, opposing chirality should first be favored, resulting in a stable opposing vortex state. Upon further reductions in aspect ratio, the simulations eventually favor matching chirality, resulting in a stable global vortex state. For short NTs of both CoFeB and Py, however, the measured distribution of relative vortex chirality as a function of l and d does not follow the numerical predictions (see Supporting Information). These discrepancies suggest that imperfections may be decisive in energetically favoring one configuration over another. Simulations show that the equilibrium chirality is sensitive to variations in NT thickness as well as geometrical imperfections, such as slanted rather than flat ends introduced by the FIB cutting process.
Given that such imperfections are known to be present, we assume that they play a role in determining the relative chirality of end vortices.
If we consider NTs measured to have equal chirality vortices, we find that the NT aspect ratio dictates whether the remnant state is a global vortex state, consistent with the simulations. In Figure 4 If we consider NTs with opposing chirality, a similar phase boundary can be defined between a mixed state configuration with opposing end vortices and an opposing vortex state incorporating a Néel wall (see Supporting Information). The transition from an axial central domain, found in the mixed state, to the Néel domain wall can be quantified by the presence of inflection points in plots of M n /|M| alongn. Unfortunately, the available spatial resolution of XMCD-PEEM is not sufficient to clearly determine the inflection points and therefore to distinguish between these two states.
In order to test the robustness of the remnant magnetization configurations, for some NTs, we take a second set of XMCD-PEEM images in remnance after applying 40 mT alonĝ n in situ to saturate the NTs. In 11 cases, the measured remnant configuration is observed to be identical to the one initially measured, while in 6 cases the relative chirality of the end vortices changes. According to the simulations, in these 6 cases, the dimensions of the NTs are such that a matching or opposing chirality does not significantly affect its magnetic energy (see Supporting Information). These include long NTs in mixed states and NTs calculated to be close to the phase boundary between where opposing or equal chirality is favored (black points in Figure 4 (b) ). Sample imperfections may trigger the chirality change in such NTs.
In conclusion, we use XMCD-PEEM to image the remnant magnetization configuration • angle between the long axis of the NWs and the deposition direction. The wafers are then continuously rotated in order to achieve a conformal coating.
XMCD-PEEM contrast. I ± σ at any location is proportional to both on the intensity of the incident σ ± x-rays and their absorption at that location. Absorption of σ ± x-rays is proportional to the projection of the magnetic moment alongk. Therefore, positive (red) or negative (blue) I XMCD represents near surface magnetization either parallel or antiparallel withk, respectively. For photoemission excited by x-rays that have previously passed through magnetic material, however, the absorbtion in the traversed volume must also be considered [15] [16] [17] . In our images, such magnetic contrast appears in the x-ray shadow of the NT on the non-magnetic substrate. Since the absorption of σ ± x-rays is proportional to the projection of the magnetic moment alongk, there is also a proportional attenuation of σ ± x-rays transmitted through the NT and incident in the shadow. The resulting I 
